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NJECTION lasers formed from IV-VI compounds are utilized in an increasing number of experiments in high resolution spectroscopyin the range of wavelengths from 4 to 11 pm. However, in contrast to the situation that exists for the gallium-arsenide laser, relatively little information is available for the IV-VI compounds about such basic properties of the laser as the relationshp of gain to injection current, the nature and magnitude of the distributed losses, or the guiding mechanism within the laser cavity. With the exception of the work by Ralston et aZ. [ l ] , no measurements of the nearfield intensity distributions for lead-salt lasers appear in the literature. This report describes our observations of the nearfield emissions of three lead-sulfide-selenide homojunction lasers.
The fabrication of the PbS, -xSex lasers is as described by Lo and Swets [2] , with the modifications that for our lasersx = 0.18 and there is no gradient in concentration in the p-type material other than that produced by the diffusion process used to form the p-n junction, which has a depth of 10-15 pm from the n-type side. Three devices I, 11, and I11 were cleaved from the same source material and have lengths of 350, 355, and 380 pm, widths along the p-n junction of 170, 178, and 125 q, and thicknesses perpendicular to the junction plane of 300, 330, and 200 pm, respectively. Cleaved facets form the Fabry-Perot cavity mirrors, and the emission frequency for all devices is about 63 Thz (2100 cm-I).
The three lasers are mounted in turn on a copper cold-finger that is held near 12 K by a dewar filled with liquid helium.
The tailpiece of the dewar has been mechanically stabilized, and interferometric tests indicate that the diode position on the cold-finger is stable to k0.05 pm over an interval of a few tenths of a second and to k0.15 pm over several minutes. A CaFz window mounted perpendicular to the laser axis allows collection of the laser radiation lying in a cone of half angle 25". An image of the near-field diode emission is formed by a ZnSe doublet of unit f-number and effective focal length 30.3 mm positioned to provide 12X magnification. By translating an aperture mounted to an indium-antimonide detector in the image plane, the near-field intensity distribution can be mapped.
Special attention has been given to the design and fabrication of the ZnSe lens to ensure that for our experiments the limiting resolution of the lens would be set by diffraction and not by aberration. Our measurements with a narrow-bandwidth infrared source demonstrate that, for an object located within k0.1" of the axis of the lens, the image characteristics are determined by diffraction from the effective aperture of the lens. Since the angular divergence at the lle2 points for our diode lasers operating above threshold is approximately k15", the F/1 lens minimizes the effect of truncation of the laser beam at the lens aperture [3], Le., the lens is underfilled by the laser emission.
The position of the image plane of the diode emission is determined in the fashion described by Kajimura et al. [5] .
While no investigation of possible astigmatism of the laser emission was made, motion of the detection aperture parallel to the optic axis confirmed that the 'position of the image plane changed less than 1 mm with the injection level above or below threshold, indicating that the object plane coincides with the emitting face of the diode to within 10 pm. Fig. 1 shows the output power from one face of the diode laser as a function of injection current for each of the three lasers. Just above threshold the output is linear in current and Manuscript received January 21, 1980. in this region the differential external quantum efficiencies In Figs. 2-4 we present the results of measurements of the near-field intensity distributions. The traces were generated by translating an aperture in the image plane of the diode emission along a direction x perpendicular to the p-n junction or along a direction z parallel to the junction. For any one of the scans, the peak height is proportional to the laser intensity at the coordinates (x, z). While the origin for x and z is arbitrary in each of the figures, the values given on the axes take into account the lens magnification and represent distances in the object plane. Fig. 2 is a map of the near-field emission from device I obtained by scanning along x at successive values of z . The oscillatory structure evident in Fig. 2 is not an artifact of the optical system but is rather characteristic of the diode emission.
Sufficiently far below threshold the emission broadens and the structure shown in Fig. 2 is lost.
The dependence of the intensity distribution perpendicular to the p-n junction on the injection level is shown in Fig. 3 . These scans are made at a fixed distance zo along the junction, as indicated in Fig. 2 . Below threshold the distribution broadens toward the p-side, presumably as a result of the diffusion of minority carriers into the p-region with some spontaneous recombination lifetime. If from Fig. 3 to compute a lifetime 7 of 2 X s for ajunction temperature of 20 K. The asymmetry of the profile in Fig. 3 below threshold is due to the shallow (10-15 pm) junction relative to the n-type layer.
In addition to this value for d, the broadening of the diode emission below threshold shown in Fig. 3 allows us to estimate the distributed loss coefficient a for the laser as follows.
At the threshold for laser oscillation, the gain of the cavity is equal to the sum of the distributed and reflection losses [4] gth = a + -1 1 In($) with 1 as the cavity length and R equal to the reflectivity of the cleaved facets. Slightly below threshold the gain is less than gth but is still larger than a. Hence there is a net gain for a single pass along the cavity, and the dominant contribution to the laser output will come from stimulated emission along the cavity axis and not from spontaneous emission. On the other hand, for g < a there w d be a net absorption along the cavity axis, and the output of the device will be dominated by the spontaneous recombination near the end reflector.
The transition from the domain g > (Y to g < a should be accompanied by a change in the near-field emission profie, from a structure that is characteristic of any passive optical guiding mechanism along the laser axis to one that arises from spontaneous recombination near the output face of the diode. Fig. 3 we take i = 175 mA as the point where the gain and distributed losses are approximately equal, we find with the help of (2) that For low temperature operation of the diode laser, we expect that the gain and current density J will be linearly related, g =
If in
[7], although some evidence suggests this relationship may not be valid for our lasers [8] . Combining this relationship with (3), we find that a x 25 cm-' and 0 x 0.09 cm/A for an assumed uniform current flow and for a reflectivity R = 0. For operation above threshold our interpretation of the structure shown in Fig. 3 follows that by Zachos and Ripper [lo] . The process used to form the p-n junction [2] in our lasers gives rise to an approximately linear change in the difference of the number of acceptors minus the number of donors as we move over 30 pm from n-type to p-type material [l l ] . For bulk carrier concentrations 0fN2 = 2 X lo"/ cm3 [2] , the refractive index n2 in the bulk wdl be less than the index E of an undoped sample by an amount [ 121 Likewise, the index n1 in the compensated region of the junction will differ from ii due to the carrier concentration N1 at the junction. Of course N 1 is somewhat ill defined, but if we assume that N 1 = 5 X lOl7/cm3, we find a change in index (nz -n l ) in moving from the junction to either the p-or ntype material given by
Here m* is the electron or hole effective mass, either of which we take to be 0.08 times the electron mass [6] , o is the laser frequency of 4 X 1014 rad/s, eo is the vacuum permittivity, and ii is chosen to be 4.5 [9] . If we now incorporate this change in index into the model of Zachos and Ripper [ 101 and assume that the change occurs over a distance of 15 pm on either side of the junction, we find that the structure in the near field perpendicular to the junction should be contained in a Gaussian envelope of full width at half maximum of 6.8 pm. This number is in agreement with the widths of 5-8 pm observed for all three lasers and is reasonably insensitive to our original choice for N1 .
Turning our attention to the structure of the near field parallel to the junction, we see from Fig. 4 that the lasers studied have quite different properties. Devices I and I1 have similar emission profiles, as illustrated in Fig. 4(a) . These scans were taken along z at the fixed position x. indicated in Fig. 2 . Note that as the current is increased from 425 to 800 mA, the peak centered around z = 115 pm broadens appreciably, possibly due to incomplete gain saturation in the wings of the initially narrow intensity distribution [4].
The peak located at 70 pm is relatively broad at all values of current above threshold and makes an increasingly larger contribution to the laser emission as the current is raised.
The data shown in Fig. 4(b) are for device I11 and were taken at a fixed position x corresponding to the maximum intensity perpendicular to the junction. Below threshold there is uniform emission over the entire width of the junction. However, above threshold this emission does not collapse as in Fig. 4(a) , but rather remains broad with many peaked regions. We note that for each of the three lasers studied, the width of the spontaneous emission region as determined from the image dimensions and lens magnification agrees with the measured geometric width of the diode along z.
The mechanism responsible for the guiding of the laser emission parallel to the junction is difficult to identify. While the peaked structure of devices I and I1 could be due to material inhomogeneity, the similarity of the near-field patterns that we have observed for these two lasers suggests that the explanation should be related instead to the spatial dependence of the laser gain and refractive index on injection current [ 131 .
It has been suggested that variations in the real part of the refractive index are the dominant guiding mechanism in the lead-salts due to the large contribution to the dielectric constant by free carries in these materials [14] . Our observation of an apparent lack of shift in object position with injection current supports this suggestion, since contributions from the imaginary part of the index, i.e., gain guiding, would tend to produce astigmatism in the laser emission [15] . The cause of the marked difference in threshold, output power, and nearfield emission between device I11 and the other two lasers is not known, but we believe that it is related to the technique used to mount the laser [l 
Of course it is possible that the structures we have observed in the near-field emission result from carrier confinement rather than from optical confinement.
However, our data seem to support the contention of optical guiding for the following reasons. In the first place the oscillatory structure present in the near field in the vicinity of and above threshold is certainly suggestive of the excitation of the high-order mode structure of a dielectric waveguide. Measurements that we have made of the spectral distribution of the laser emission exhibit frequency spacings consistent with this interpretation and with calculations based on the work of Zachos and Ripper [lo] . Secondly, if the structure shown in Fig. 3 were due to the finite lifetime for stimulated recombination rather than to optical confinement, one would expect this structure to continue to narrow above threshold as the stimulated recombination lifetime' decreases. Such narrowing above threshold is not observed within the limit of our resolution, even though we do infer a decreased radiative lifetime from our measurements of the differential junction voltage and cavity emission frequencies.
We have made measurements of the near field in the regions near the "kinks" shown in Fig. 1 in an attempt to correlate these nonlinearities with changes in the lateral or transverse mode structure of the laser 141. Referring to the power output curve for device I in Fig. 1 , we have found that the near field is unchanged at currents slightly below and above the "kink" at 520 mA. Both emitting regions parallel to the junction for this device suffer the same fractional change in intensity at the "kink."
This result is somewhat surprising since such "kinks" are normally associated with changes in the lateral mode number of the laser. However, we find no such changes in this device at the "kink," suggesting that either they are unresolved by our optics or unassociated with the power change. For device I1 we observe a drastic effect in the near field around 800 mA that coincides with the steep fall off in laser output power shown in Fig. 1 . The peaked structure of the type shown in Fig. 2 is lost above 800 mA as the emission spreads into a broad region 25 X 35 pm perpendicular and parallel to the junction.
Finally we note that the positions of the peaks in the emission profiles are invariant with respect to cycling of the injection current for all three lasers. The relative importance of the regions of laser activity does vary with current, but the variations are reproducible and are such that the positions of the active regions remain unchanged. Each laser has been thermally cycled from room temperature to 12 K at least five times with no noticeable change in the near field, although the power versus current curves do change somewhat.
In summary, we have presented data displaying the nearfield emission profiles of three lead-sulfide-selenide homojunction lasers. We have discussed the stability of the observed distributions with respect to changes in injection current and have estimated the distributed losses of the laser. Optical confinment perpendicular to the junction seems to be a result of static index guiding due to the characteristics of the homojunction, while the source of mode guiding parallel to the junction has not been identified.
